Mofarrahi M, Sigala I, Vassilakopoulos T, Harel S, Guo Y, Debigare R, Maltais F, Hussain SN. Angiogenesis-related factors in skeletal muscles of COPD patients: roles of angiopoietin-2. J Appl Physiol 114: 1309 -1318, 2013. First published January 10, 2013; doi:10.1152/japplphysiol.00954.2012.-The role of angiogenesis factors in skeletal muscle dysfunction in patients with chronic obstructive pulmonary disease (COPD) is unknown. The first objective of this study was to assess various pro-and antiangiogenic factor and receptor expressions in the vastus lateralis muscles of control subjects and COPD patients. Preliminary inquiries revealed that angiopoietin-2 (ANGPT2) is overexpressed in limb muscles of COPD patients. ANGPT2 promotes skeletal satellite cell survival and differentiation. Factors that are involved in regulating muscle ANGPT2 production are unknown. The second objective of this study was to evaluate how oxidants and proinflammatory cytokines influence muscle-derived ANGPT2 expression. Angiogenic gene expressions in human vastus lateralis biopsies were quantified with low-density real-time PCR arrays. ANGPT2 mRNA expressions in cultured skeletal myoblasts were quantified in response to proinflammatory cytokine and H 2O2 exposure. Ten proangiogenesis genes, including ANGPT2, were significantly upregulated in the vastus lateralis muscles of COPD patients. ANGPT2 mRNA levels correlated negatively with forced expiratory volume in 1 s and positively with muscle wasting. Immunoblotting confirmed that ANGPT2 protein levels were significantly greater in muscles of COPD patients compared with control subjects. ANGPT2 expression was induced by interferon-␥ and -␤ and by hydrogen peroxide, but not by tumor necrosis factor. We conclude that upregulation of ANGPT2 expression in vastus lateralis muscles of COPD patients is likely due to oxidative stress and represents a positive adaptive response aimed at facilitating myogenesis and angiogenesis.
mitochondrial enzyme activity, and reduced muscle O 2 uptake (5, 19, 20, 24, 25, 46) . Skeletal muscle perfusion and O 2 uptake are highly dependent on the size of the capillary-fiber interface (22) , which, in turn, is regulated by complex interactions between proangiogenesis factors, which promote neovascularization and vascular stability, and angiostatic factors, which inhibit angiogenesis and cause vascular cell apoptosis. In skeletal muscles, proangiogenesis factors include vascular endothelial cell growth factors (VEGFs), fibroblast growth factors (FGFs), platelet-derived growth factors, and angiopoietins (8) . Among these factors, only the VEGF family of growth factors has been assessed in terms of expression and localization in skeletal muscles of limb muscles of COPD patients. Significant elevations of VEGFA and VEGFB mRNA levels have been observed in the tibialis anterior muscles of patients with moderate COPD (24) . In comparison, relatively low levels of VEGFA protein have been found in the vastus lateralis muscles of patients with severe COPD, compared with control subjects (5) . No information is as yet available regarding expression levels of other angiogenic or angiostatic factors in skeletal muscles of COPD patients.
The first objective of this study, therefore, was to assess various angiogenesis factor and receptor expressions in the vastus lateralis muscles of patients with severe COPD and ageand activity-matched control subjects. While performing initial screening, we observed that angiopoietin-2 (ANGPT2) expression was significantly elevated relative to control subjects. ANGPT2 is a member of the angiopoietin family of angiogenesis factors and acts as a ligand for TIE2 receptors (36) . ANGPT2 is expressed in the endothelium, tumor cells, macrophages, and muscle cells (21, 28, 30, 36, 40) . In endothelial cells, ANGPT2 binds to TIE2 receptors with similar affinity to that of angiopoietin-1 (ANGPT1). However, whereas ANGPT1 is a strong agonist of TIE2 receptors, the ability of ANGPT2 to activate TIE2 receptors is highly dependent on the cell type and context (9) .
Investigators have paid considerable attention to identifying those factors that regulate endothelial-derived ANGPT2 expression and how ANGPT2 influences endothelial cell survival and differentiation (17, 32, 43, 44) . However, little attention has been paid to identifying the factors that regulate ANGPT2 production in muscle cells or to its functional significance in skeletal muscle. The second objective of our study, there-fore, was to assess those factors that may be involved in the regulation of ANGPT2 expression in skeletal muscles of COPD patients. The rationale for selecting ANGPT2 for further analysis is based on our recent findings that ANGPT2 plays a dual role in enhancing skeletal muscle regenerative capacity, by promoting angiogenesis of endothelial cells and by promoting myogenesis of skeletal satellite cells (39) . In the present study, we specifically assessed influences of proinflammatory cytokines, such as tumor necrosis factor (TNF-␣), interferon-␥ (IFN-␥), and interferon-␤ (IFN-␤), and oxidants, such as hydrogen peroxide (H 2 O 2 ), on muscle-derived ANGPT2 expression. Our emphasis on cytokines and oxidants is based on several observations, including the observations that inflammatory mediators are elevated in the plasma and muscles of COPD patients during severe exacerbation of the disease (41, 45) , and that oxidative stress develops in the skeletal muscles of these patients, both at rest and following exercise (1, 4, 15) .
MATERIALS AND METHODS
Three sets of experiments were performed. The study was approved by the ethics review boards of Centre de Recherche, Hôpital Laval, Institut Universitaire de Cardiologie et de Pneumologie de l'Université Laval, Quebec, Canada, and Evangelismos Hospital, University of Athens Medical School, Greece. Informed, written consent was obtained from all subjects.
Experiment 1: Expressions of Angiogenesis-related Factors in the Vastus Lateralis Muscle
Differential expressions of 92 angiogenesis-related genes in the vastus lateralis muscles of control subjects and patients with severe COPD were evaluated using low-density real-time PCR arrays. Sixteen men were recruited (Hôpital Laval, Laval, Quebec, Canada). Of these subjects, eight had severe COPD, and eight had normal lung function (Table 1) . COPD diagnosis was established using Global Initiative for Chronic Obstructive Lung Disease guidelines (16) . Exclusion criteria included chronic respiratory failure, bronchial asthma, coronary artery disease, neuromuscular disease, chronic metabolic disease, and/or treatment with drugs known to alter muscle structure and function. No patient was receiving long-term O 2 therapy. All subjects were classified as sedentary according to a physical activity questionnaire adapted for older and retired subjects (10) . Needle biopsies of the vastus lateralis muscle were performed at midthigh level, as described by Bergström (7), and tissues were immediately frozen in liquid nitrogen and stored at Ϫ80°C.
Pulmonary function tests and anthropometric measurements. Spirometry (pre-and postbronchodilation) and phlethysmographic lung volumes, two standard pulmonary function tests, were performed on COPD patients according to previously described guidelines (2) and related to normal values of Knudson et al. (29) and Goldman and Becklake (18) , respectively. For control subjects, spirometry alone was performed. Height and weight were measured according to standardized methods.
Computed tomography. Computed tomography of the right thigh, halfway between the pubic symphisis and the inferior condyle of the femur, was performed prebiopsy to quantify midthigh cross-sectional areas (CSA) (37) .
Muscle fiber type and capillary density. Muscle sections from vastus lateralis biopsies of control subjects and COPD patients were stained for myofibrillar ATPase activity, according to the singlestep ethanol-modified technique (35) . Muscle fibers were classified according to staining intensity: type I (nonstained); type IIa (slightly stained); and type IIx (darkly stained). Sections were also stained using the ␣-amylase-periodic acid shift method to visualize capillaries (3) . Capillary density of each section was quantified as the number of capillaries per muscle fiber and as the number of capillary contacts per muscle fiber CSA (3). Two indexes of muscle capillarization were quantified: 1) the capillary-to-fiber ratio was obtained by dividing the total number of capillaries by the total number of fibers on 200 randomly selected fibers; and 2) the capillary contact-to-fiber CSA ratio was obtained by dividing the number of capillary contacts for 40 randomly selected fibers of each type by the mean CSA of the corresponding fibers.
Detection of angiogenesis-related gene expression. Total RNA was extracted from human muscle biopsies using a GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, Oakville, ON). Quantification and purity of total RNA was assessed by A 260/A280 absorption. RNA (2 g) was reverse transcribed using Superscript II Reverse Transcriptase Kits and random primers (Invitrogen Canada, Burlington, ON). Reactions were incubated at 42°C for 50 min and at 90°C for 5 min. mRNA expressions of 92 angiogenesis-related genes and related receptors in the vastus lateralis muscles of eight control subjects and eight COPD patients (Table 1) were measured using TaqMan Human Angiogenesis Gene Signature Low-Density Arrays (Applied Biosystems, Foster City, CA) spotted on a microfluidic card (four replicates per assay). Four genes (ADAMTS1, GAPDH, PECAM1, and PGK1) and 18S were used as controls. Each assay consisted of a forward and reverse primer at a final concentration of 900 nM and a TaqMan 6-FAM dye/MGB-labeled probe at 250 nM final concentration. Assays were gene specific and designed to span an exon-exon junction. For each sample (25 ng total input RNA/l), 100 l of cDNA were combined with an equal volume of TaqMan Universal PCR Master Mix, mixed by inversion, and spun briefly in an Eppendorf 5415D microcentrifuge (Brinkmann Instruments, Westbury, NY). After cards reached room temperature, 100 l of each sample were loaded into each of eight ports on the array. Cards were centrifuged for 1 min at 1,200 rpm. Cards with excess sample in the fill reservoir were spun for an additional 1 min. Immediately following centrifugation, cards were sealed with TaqMan Low-Density Array Sealer to prevent cross-contamination. Final volumes in each well were Ͻ1.5 l, making the final concentration ϳ15 ng per reaction. Real-time RT-PCR amplifications were run on an ABI Prism 7900HT Sequence Detection System (Applied Biosystems). The thermal profile was as follows: 2 min at 50°C (to activate uracil-DNA Values are means Ϯ SE; n, no. of subjects. COPD, chronic obstructive pulmonary disease; BMI, body mass index; CSA, cross-sectional area; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; V O2max, maximum O2 consumption. *P Ͻ 0.001, compared with control subjects. glycosylase); 10 min at 95°C (activation); 40 cycles of 15 s at 95°C (denaturation); and 45 cycles of 1 min at 60°C (annealing and extension). Real-time RT-PCR data were quantified using an SDS 2.2.2 software package (Applied Biosystems). Results from each card were quantified separately using an automatic baseline and a manual threshold of 0.10 to record cycle thresholds (C T). Assays that did not yield a CT of Ͻ40 cycles were treated as missing data. Relative quantifications of target genes were determined using the ⌬⌬CT method according to the following procedures:
1) Normalization of C T values per sample: Tthe arithmetic mean CT value of the five endogenous control genes (CT normalization factor) was calculated. Then the ⌬CT target gene for a given target gene was calculated as follows:
2) Averaging control samples: The mean value of the ⌬CT target gene of all control subjects (control ⌬CT target gene) was then calculated.
3) Difference from the mean of control subjects: Difference between the ⌬C T target gene and control ⌬CT target gene (⌬⌬CT target gene) for control subjects and COPD patients was then calculated as follows: ⌬⌬C T target gene ϭ ⌬CT target gene Ϫ control ⌬CT target gene.
4)
Relative expression: Relative expression (RQ) was calculated formulas follows:
A Student t-test was used to detect differences in RQ values between control subjects and COPD patients. P Ͻ 0.05 values were considered significant. Detected genes are listed in Table 1 .
Experiment 2: Verification of ANGPT2 Expression in the Vastus Lateralis and Diaphragm Muscles
A second set of experiments was performed on a larger number of control subjects and COPD patients to verify that ANGPT2 levels are indeed elevated in limb muscles of COPD patients compared with control subjects. To assess whether ANGPT2 is also elevated in the respiratory muscles, diaphragm muscle biopsies were assessed. VEGFA mRNA levels were measured because VEGF is the only angiogenesis factor whose expression has been previously investigated in limb muscles of COPD patients. ANGPT1 mRNA levels were measured because of similarities in structure and action between ANGPT1 and ANGPT2. CD31 mRNA levels were measured as a marker of endothelial cells and used to assess whether elevated ANGPT2 mRNA levels might relate to increased endothelial cell abundance. In this experiment, vastus lateralis muscle biopsies were obtained from 14 control subjects (including 8 subjects from experiment 1) and 16 COPD patients (including 8 patients from experiment 2) (see Table 4 ). Needle biopsies were performed as described above. For the diaphragm cohort, 13 COPD patients (12 men and 1 woman) undergoing thoracotomy due to localized lung neoplasm (10 patients) or bullous lung diseases (3 patients) were recruited (see Table 5 ). In addition, eight control subjects (all men) with normal pulmonary functions undergoing thoracotomy due to localized lung neoplasm (seven subjects) or bullous lung diseases (one subject) were recruited (see Table 5 ). Diaphragm muscle biopsies were obtained from the anterior costal diaphragm, lateral to the insertion of the phrenic nerve, and immediately frozen in liquid nitrogen and stored at Ϫ80°C.
Real-time PCR. Total RNA extractions from vastus lateralis and diaphragm samples and reverse transcriptions were performed as described in experiment 1. To quantify expressions of ANGPT1, ANGPT2, VEGF, CD31, and 18S (endogenous control), TaqMan Gene Expression Assays specific to these genes were used. Real-time PCR was performed using an ABI Prism 7000 Sequence Detection System (Applied Biosystems). The thermal profile was as follows: 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, 30 s at 57°C, and 33 s at 72°C. All real-time PCR experiments were performed in triplicate. Relative quantifications of human mRNA levels of target genes were determined using the threshold cycle (⌬⌬C T) method, as described in experiment 1, except that only one endogenous control gene (18S) was used. A Student t-test was used to detect differences between control subjects and COPD patients. P Ͻ 0.05 values were considered significant.
Immunoblotting. Frozen vastus lateralis muscle biopsies obtained from control subjects and COPD patients were homogenized in six volumes (wt/vol) of homogenization buffer (pH 7.4, 10 mM HEPES buffer, 0.1 mM EDTA, 1 mg/ml phenylmethylsulfonyl fluoride, 0.32 mM sucrose, and 10 g/ml each of leupeptin, aprotinin, and pepstatin A). Crude homogenates were centrifuged at 5,000 rpm for 15 min at 4°C. Supernatants were collected and used for immunoblotting of ANGPT2 protein. Samples (50 g total protein) were boiled for 5 min and then loaded onto tris-glycine SDS-polyacrylamide gels. Proteins were electrophoretically separated, transferred onto polyvinylidene difluoride membranes, blocked for 1 h with 5% nonfat dry milk, and incubated overnight at 4°C with primary monoclonal anti-ANGPT2 antibody (R&D Systems, Minneapolis, MN). Proteins were detected with horseradish peroxidase-conjugated secondary antibodies and ECL reagents (Chemicon International, Temecula, CA). Equal loading of protein was confirmed by stripping membranes and reprobing with anti-␤-tubulin antibody (Sigma-Aldrich). Blots were scanned with an imaging densitometer, and optical densities of protein bands were quantified with ImagePro Plus software (Media Cybernetics, Carlsbad, CA). Predetermined molecular weight standards were used as markers. Protein concentrations were measured by the Bradford method, with BSA as a standard.
Experiment 3: Cytokine and Oxidant Regulation of Muscle-derived ANGPT 2 Production
Primary human muscle precursor cells (human myoblasts) were generously provided by Dr. E. Shoubridge (McGill University, Montréal, QC) and cultured in skeletal muscle basal medium (SkBM) supplemented with 15% inactivated fetal bovine serum (34) using a SkBM Bullet Kit (Cambrex, East Rutherford, NJ). Myoblasts were plated into 12-well plates (10 5 cells/well) and maintained for 24 h in SkBM culture medium containing 5% fetal bovine serum. To evaluate cytokine and H 2O2 effects on ANGPT1 and ANGPT2 expressions, cells were stimulated with recombinant human TNF-␣ (20 ng/ml), IFN-␥ (10 ng/ml), IFN-␤ (25 ng/ml), H 2O2 (0.5 mM and 1 mM), or a control solution of phosphate-buffered saline. Cells were collected 24 h later, and ANGPT1 and ANGPT2 mRNA levels were measured using real-time PCR (as above). Relative ANGPT1 and ANGPT2 mRNA levels were determined using the ⌬⌬CT method. 18S was used as an endogenous control gene. 
Continued Statistical Analysis
Results are expressed as means Ϯ SE in Figs. 1 and 3 . Differences in characteristics of control subjects and COPD patients were detected with Student t-tests, and P Ͻ 0.05 values were considered significant. In experiment 2, Pearson's correlation coefficient was used to assess correlations between different variables between control subjects and COPD patients. In experiment 3, for a given intervention (cytokine or H 2O2), differences in the expression of ANGPT1 and ANGPT2 were detected using a two-way analysis of variance, followed by a Tukey test. P Ͻ 0.05 values were considered significant.
RESULTS

Experiment 1
No significant differences in age, weight, thigh CSA, nutritional status, or capillary density were observed between the eight control subjects and eight COPD patients (Tables 1 and 2 ). However, forced expiratory volume in 1 s (FEV 1 ), forced vital capacity (FVC), FEV 1 -to-FVC ratios, maximum oxygen consumption, and maximum work load were significantly lower in COPD patients (Table 1) . Table 3 shows results of low-density real-time PCR arrays for angiogenesis-related genes in the vastus lateralis muscles of control subjects and COPD patients. Expressions of 10 proangiogenesis genes [angiogenin (ANG), ANGPT2, EGF-like repeats and discoidin I-like domain 3 (EDIL3), ephrin B2 (EPHB2), FGF2, follistatin (FST), FoxC2 (FOXC2), Gro␤ (CXCL2), prolactin (PRL), and stromalderived factor 1 (CXCL12)] were significantly higher in the vastus lateralis muscles of COPD patients compared with control subjects, whereas expressions of collagen, type XV, ␣1 (COL15A1) and the angiogenesis inhibitor troponin I (TNNI1, slow) were significantly lower (Table 3) .
Experiment 2
Characteristics of vastus lateralis and diaphragm cohorts are listed in Tables 4 and 5 . No significant differences in age, weight, or nutritional status were observed between control Biopsies were obtained from vastus lateralis muscles of eight patients with severe COPD (experiment 1). Values are means Ϯ SE, expressed as fold change relative to control subjects. *P Ͻ 0.05, compared with control subjects. ND, not detected. subjects and COPD patients (Tables 4 and 5 ). However, FEV 1 , FVC, FEV 1 -to-FVC ratios, and arterial PO 2 values were significantly lower in each group of COPD patients compared with their corresponding control groups (Tables 4 and 5 ). ANGPT2 mRNA levels were ϳ3.8-fold higher in vastus lateralis muscles of COPD patients (P Ͻ 0.05), compared with the diaphragm, whereas ANGPT1 and CD31 levels did not significantly differ between the two groups (Fig. 1A) . Immunoblotting revealed significantly greater ANGPT2 protein levels in vastus lateralis muscles of COPD patients compared with control subjects (Fig. 1, B and C) , but significantly lower levels of VEGF mRNA (Fig. 1A) . No significant differences in ANGPT1, ANGPT2, VEGF, and CD31 mRNA levels were observed between the diaphragms of control subjects and COPD patients (Fig. 1D) . ANGPT2 mRNA levels in the vastus lateralis correlate negatively with predicted percent FEV 1 (r ϭ 0.72, P Ͻ 0.05) and right thigh CSA (r ϭ 0.46, P Ͻ 0.05) (Fig. 2) .
Experiment 3
In human myoblasts, expressions of ANGPT1 and ANGPT2 mRNA were significantly induced by the proinflammatory cytokines IFN-␥ and IFN-␤ (Fig. 3) . TNF-␣ significantly attenuated ANGPT1, but had no effect on ANGPT2 (Fig. 3) . The oxidant H 2 O 2 exerted differential effects on angiopoietin expression, significantly attenuating ANGPT1, and significantly upregulating ANGPT2 (Fig. 3) .
DISCUSSION
The main findings of this study are as follows: 1) in the vastus lateralis muscles of COPD patients, 10 proangiogenesis factors that promote neovascularization and vascular stabilization are significantly upregulated; 2) levels of one of these factors, ANGPT2, positively correlate with severity of COPD and degree of muscle wasting; 3) muscle-derived ANGPT1 and ANGPT2 expressions are significantly induced by interferons, but are differentially regulated by H 2 O 2 : ANGPT1 is significantly downregulated by H 2 O 2 , whereas ANGPT2 is significantly upregulated.
Angiogenesis-related Gene Expression in Human Vastus Lateralis Muscles
Skeletal muscle fiber production of angiogenesis-related factors plays a number of important roles related to the stabilization of capillary networks and maintenance of normal O 2 supply to active muscle fibers. The importance of normal capillarity in muscle performance is delineated by a strong positive relationship between peak exercise O 2 consumption and muscle capillary density (23) . In patients with moderate or severe COPD, no information exists as to whether reduced limb muscle contractile function is mediated, in part, by abnormalities in angiogenesis factor production. To the best of our knowledge, there have only been two published studies that evaluate the expression of VEGF family members in limb muscles of COPD patients. Barreiro et al. (5) reported that VEGFA protein levels are significantly lower in the vastus lateralis muscles of patients with severe COPD compared with control subjects, while Jatta et al. (24) found no differences in mRNA expressions of VEGFA, VEGFB, and VEGFC genes in the tibialis anterior muscles of similar patients. In the present study, we found that 10 proangiogenesis factors are significantly upregulated in limb muscles of COPD patients compared with control subjects (Table 3) . These factors are known to promote neovascularization, enhance vasculature stability, and protect endothelial cells against proapoptotic stimuli. We, therefore, propose that limb muscles of COPD patients possess greater potentials for angiogenesis and vascular stability than do those of control subjects, even in the face of reduced VEGF expression (Fig. 1) .
Molecular mechanisms responsible for upregulation of specific proangiogenesis factors in muscles of COPD patients were not fully investigated in the present study; however, we found that expression of the transcription factor FOXC2 is significantly elevated in COPD patients (Table 3) . FOXC2 is a member of the FOXO family of transcription factors that regulate the expression of angiogenesis factors, including Values are means Ϯ SE; n, no. of subjects. *P Ͻ 0.05, compared with control subjects. ANGPT2 in endothelial cells (12) . FOXC2 plays a positive role in embryonic vascular development and promotes the production of several angiogenesis factors in the mature vasculature (33) . The importance of FOXC2 to the regulation of muscle-derived angiogenesis factors, such as those that are upregulated in COPD patients, remains to be confirmed.
Another important factor that may have influenced the upregulation of proangiogenesis factors in COPD patients is the level of reactive oxygen species (ROS). Angiogenesis factor production, particularly that of VEGF from muscle cells, is regulated by ROS (31) . In the present study, we found that H 2 O 2 triggered significant upregulation of muscle-derived ANGPT2 expression (Fig. 3) . These results strongly support the theory that relatively high ROS levels in the skeletal muscles of COPD patients are involved in the upregulation of ANGPT2. Furthermore, it is likely that the relatively milder oxidative stress that is seen in the diaphragm, compared with the limb muscles, might underlie the lesser degree of ANGPT2 induction observed in the diaphragms of COPD patients (Fig. 1) .
Proinflammatory cytokines may also influence the regulation of angiogenesis factors in skeletal muscles of COPD patients. In our laboratory's recent study, we reported that interleukin-1␤ reduces muscle ANGPT2 expression, while TNF-␣ and interleukin-6 exert no effects (39) . In the present study, we found that the proinflammatory interferons IFN-␤ and IFN-␥ exert strong stimulatory effects on muscle-derived ANGPT1 and ANGPT2 production (Fig. 3) . These effects are similar to those observed in tumor cells (13) , but differ from the inhibitory effects of interferons on angiopoietin expression in endothelial cells (6) and osteoclasts (26) , indicating that interferons regulate angiopoietin production in a cell typedependent manner. Whether interferons are responsible for the elevated ANGPT2 levels that are seen in limb muscles of COPD patients remains speculative, because limited information is available regarding interferon levels in these patients (5) .
We observed that muscle-derived ANGPT1 expression significantly declines in response to H 2 O 2 exposure, whereas interferons stimulate ANGPT1 production (Fig. 3) . These findings emphasize the importance of oxidative stress in driving muscle-derived angiopoietin production toward increased ANGPT2 expression, while simultaneously attenuating ANGPT1 expression (Fig. 3) . The functional relevance of this inhibitory effect of H 2 O 2 on ANGPT1 to overall skeletal muscle function remains to be investigated. However, we speculate that reduced ANGPT1 production may result in oxidative stress-mediated muscle dysfunction in COPD pa- tients by attenuating its proangiogenic and promyogenic effects.
Functional Roles of ANGPT2 in Skeletal Muscles
Very little is known about the functional roles of angiopoietins in skeletal muscle. Dallabrida et al. (11) have reported that ANGPT1 and ANGPT2 proteins enhance adhesion of skeletal satellite cells to extracellular matrixes. Our group found that ANGPT2 strongly stimulates survival of cultured skeletal myoblasts and enhances the differentiation of these cells into myotubes (39) . We also found that the prosurvival effect of ANGPT2 on myoblasts is mediated through direct activation of important prosurvival pathways, including the phosphatidylinositol 3-kinase/AKT and ERK1/2 pathways (39). ANGPT2 may also enhance the release of secondary mediators that act in an autocrine fashion to enhance muscle cell viability. These mediators include leptin, which is induced by ANGPT2 in muscle cells and acts to protect cells against the cytotoxic effects of H 2 O 2 (14) .
ANGPT2 promotes survival and stimulates myoblast differentiation (39) , indicating that it plays a positive role in promoting the myogenesis program of skeletal muscle satellite cells. Enhanced ANGPT2 expression in limb muscles of COPD patients is, therefore, probably a positive adaptation designed to improve the regenerative capacities of muscles in response to injury. Little is as yet known about the abilities of primary cells to repair muscle fiber injury in skeletal muscles of COPD patients, although Martinez-Llorens et al. (38) have reported that satellite cell number and activation status are significantly higher in external intercostal muscles, compared with control subjects, indicating the presence of an active muscle fiber repair program. Thus, in addition to a stimulatory effect on the myogenesis program, ANGPT2 is also likely to promote muscle repair through induction of angiogenesis.
Muscle regeneration requires coordinated induction of angiogenesis and myogenesis programs. Myogenesis originates with resident satellite cells (muscle precursors), while angiogenesis originates from endothelial cells and is regulated, to a large extent, by factors that are produced by neighboring muscle cells (42) . Although it is likely that ANGPT2 modulates angiogenesis in regenerating skeletal muscles by acting directly on TIE2 receptors on the surface of endothelial cells, it is also entirely conceivable that ANGPT2 enhances angiogenesis by acting on the release of proangiogenesis factors from skeletal muscle cells. Further studies are, therefore, required to identify the molecular mechanisms through which ANGPT2 regulates angiogenesis and myogenesis in skeletal muscles. In summary, this study indicates that several proangiogenesis factors, including ANGPT2, are significantly upregulated in the vastus lateralis muscles of COPD patients, and that this ANGPT2 expression is positively regulated by interferons and H 2 O 2 . On the basis of these findings, and on those of previous studies documenting a positive effect of ANGPT2 on skeletal muscle cell survival and differentiation, we propose that ANGPT2 may play a positive role in improving the limb muscle regenerative capacities of COPD patients.
Study Limitations
A major limitation of this study pertains to the fact that a relatively low number of control subjects and COPD patients were recruited for low-density array screening of angiogenesisrelated genes. One reason for this is that the vastus lateralis muscle biopsy is an invasive procedure, thereby restricting the number of available volunteers. Moreover, very restrictive inclusion and exclusion criteria were applied to the selection of equal numbers of control subjects and COPD patients, with the expectation that they should have very similar characteristics, including physical activity and nutritional status. It should be emphasized, however, that one of the main findings of experiment 1, that ANGPT2 expression is upregulated in the vastus lateralis muscles of patients with COPD, was verified in experiment 2 using a relatively larger population of COPD patients, including those with muscle wasting. Results of that experiment confirmed that ANGPT2 expression is indeed upregulated in the vastus lateralis muscle, relative to a correspondingly larger population of control subjects.
